Electrospinning is a versatile method of preparing polymer nanocmposite fibers. Electrospun nanocomposite fibers of poly(methyl methacrylate) and single walled carbon nanotubes were prepared. The fibers were characterized by SEM, TEM, TGA and Raman spectroscopy. These fibers show dramatic improvement in the electrical conductivity compared to the polymer. The temperature dependent electrical resistance measurements show a one dimensional variable range hopping model (1-D VRH) type of conduction mechanism operating in these types of systems.
INTRODUCTION
Electrospinning is a method of producing fibers with diameters in the range of 10 µm to 10 nm by accelerating a charged polymer jet in an electric field [1] [2] [3] [4] [5] . This method has attracted much attention due to the ease with which such nano fibers can be produced from either natural or synthetic polymers. Such small fibers have numerous and diverse applications including filtration and composite materials. The large surface area to volume ratio of nanofibers makes them attractive as catalyst supports, sensors and in drug delivery. Electrospun nonwoven fabrics are being developed as scaffolds in tissue engineering. Electrospun conducting polymers have been used to fabricate nanowires. Since their discovery by Iijima, carbon nanotubes (CNTs) have gained widespread attention due to their unique structure and extraordinary physical properties [6, 7] . A single walled carbon nanotube (SWNT) can be described as a single graphene sheet rolled into a tube. These tubes are either semi conducting or metallic depending on their chirality and diameter. Exceptional mechanical and electrical properties of SWNTs, as well as their high aspect ratio and low density, make them ideal candidate as fillers for developing lightweight multifunctional and structural polymer composites. Polymer composites containing carbon nanotubes are of great interest because they may possess a novel combination of electrical, optical and mechanical properties. Polymer composites with carbon nanotubes have recently been investigated for improved electrical conductivity, optical devices and high strength composites. However, the realization of the excellent properties of carbon nanotubes is hampered due to the processing difficulties. Due to strong van der Waal forces between the CNTs, it is very difficult to disperse them uniformly in polymer solution. Several approaches have been reported for obtaining stable CNT dispersion [8] [9] [10] .
Electrospinning is an ideal method for preparation of nanofibers of polymer composites with CNTs as filler. Till date several reports have been published on such composites with CNTs with different polymers [11] [12] [13] [14] [15] [16] [17] [18] [19] . Using the electrospinning method, Chang et al. have prepared SWNT/polyvinylidenefluoride (PVDF) fiber mats and investigated the percolation threshold for the insulator-to-conductor transition of the composite mats. Ko et al. have prepared continuous CNT-filled nanofibers (NFs) and reported that the elastic modulus has improved by120% in NFs containing 4 wt% SWNTs. Dror and Salalha et al., have achieved well-dispersed multiwalled carbon nanotubes (MWNTs) and SWNTs and successfully prepared the electrospun MWNT/PEO NFs in which MWNTs can be observed using transmission electron microscopy (TEM). Recently, Ge and Hou, et al. have prepared highly-oriented, large area continuous MWNTs -polyacrylonitrile (PAN) NF composite sheets and reported that, for the first time, the orientation of the MWNTs within the NFs was much higher than that of the PAN polymer crystal matrix. PMMA is a thermoplastic having excellent processiblity, optical properties and environmental stability, which makes it one of the best candidates for matrix in CNT-based nanocomposites.
Here we report the fabrication of electrospun fibers of poly(methyl methacrylate) and singlewalled carbon nanotubes (SWNT) nanocomposites. The samples were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM). Single-fiber I-V measurements and temperature dependent electrical resistance of the fibers were performed.
EXPERIMENTAL DETAILS Materials
Poly(methyl methacrylate) (PMMA) (Avg Mw 996000) from Aldrich Chemical Co., Inc., and SWNTs (~90% purity) from Chengdu Organic Chemistry Co., Ltd, Chinese Academy of Sciences, were used as received. Chloroform of AR grade from S.D Fine Chemicals, Mumbai, was used as such without further purification.
SWNTs were dispersed in chloroform by using ultrasonic bath (33 kHz) for one hour. The resulting dispersions were homogeneous and stable, having a dark ink-like appearance. Required amount of PMMA was added to the SWNT dispersion and stirred using magnetic stirrer for approximately 24 hours. The concentration of the polymer in chloroform was maintained in between 15 to 20 wt% so that the solution can be easily electrospun. Solutions with different loadings of SWNTs were prepared by adding different weight of PMMA in the SWNT dispersion.
Electrospinning
The electrospinning process was carried out at room temperature. The solution was taken inside a syringe with needle of 0.5mm in diameter, flow rate of 1 ml/h at electric field strength of 0.8 KV/cm. Oriented fibers were obtained on different substrates (aluminum foil, glass slide) placed over a rotating drum. The details of the electrospinning apparatus used are reported earlier [17] .
The specimens for scanning electron microscopy (SEM) were prepared on the aluminum foils. The SEM measurement was carried out using JEOL JSM840a scanning electron microscope. A thin layer (~20) of gold is sputtered over the sample prior to taking the SEM images. For TEM study, the fibers were coated by electrospinning directly on carbon coated copper grids without rotating the drum. The TEM images were taken using Philips CM-12 Transmission electron microscope at 100 kV. Thermograviametric analysis (TGA) measurement of the composite fibers was carried out using Pyris 6 TGA at 20 0 C/min. Horiba Jobin Yvon high resolution Raman microscope was used for Raman spectroscopic studies of the fibers spun on a glass slides. The apparatus used He-Ne Laser of wavelength 633 nm as the source of excitation.
Electrical Measurements
For I-V characteristics of the single fibers with different loading of CNTs at room temperatures, fibers were coated on the glass electrode for a short duration. After isolating the single fiber for characterization, two parallel gold electrodes with separation approximately 500 µm were coated over the fiber by mask evaporation method. The measurements were done on the single fibers at room temperature using a Keithley Source Measure Unit Model SMU 237.
Temperature dependent dc resistance of an array of the composite electrospun fibers were measured from 300K-370K by using standard two probe method at different temperatures.
RESULTS AND DISCUSSIONS
Typical SEM images of PMMA-SWNT composite fibers are shown in Figure 1 . Randomly oriented fibers shown in Figure 1 observed in some of the fibers. The diameter of fibers is in the range of 100 nm-2 µm. Beaded fibers were obtained at lower PMMA concentration (<12 wt %) Each fiber (except those with beads) is found to be of fairly uniform diameter. Figure 1(b) shows well aligned fibers obtained by the rotation of the drum. The fibers are parallel to each other. It is difficult to confirm the presence of SWNT from SEM images. In order to do that and check the dispersion of SWNT, transmission electron microscopy of fibers were done. Figure 2 (a) shows bright field TEM images of SWNT loaded nanocomposite fibers. It is not possible to observe the SWNT inside the fibers because of its thickness. However in some fibers with diameter around 100nm it is possible to identify the presence of SWNTs. FIGURE 2. TEM images of PMMA-SWNT electrospun fibers. SWNTs are found to be aligned along the fiber axis Figure 2 (b) shows TEM image of such a fiber. Here we can observe the SWNT bundles inside the polymer matrix. The SWNTs are found to be dispersed well and are aligned along the fiber axis [12, 17] . This is one of the important results in case of the electrospun fibers. Similar results have been reported earlier by Zussman and co-authors [12] . This alignment can be understood as due to the sink flow field effect of CNTs inside the polymer solution during electrospinning process. Initially the CNT rods are randomly oriented, but due to the sink-like flow in the capillary of the needle they get gradually oriented mainly along the stream lines, so that straight CNTs are almost oriented upon entering the region of the electrospun jet.
In order to confirm the loading of SWNTs in composite fiber, thermograviametric analysis (TGA) of the fibers were carried out. The TGA plot of composite fibers with different loading of SWNT is shown in Figure 3 Raman spectroscopy is a sophisticated method to detect the presented elements especially in the nano level and to investigate the state of carbon in detail, because of its sensitivity to changes in translational symmetry. The presence of SWNT and its average diameter can be determined by Raman spectroscopy. Figure 4 shows the spectra of composite fibers with different loading of SWNTs. The features in the Raman spectra can be divided into three parts. In the wave number range 100-500 cm -1 , the peaks observed are known as radial breathing modes (RBM). These are the characteristics features seen only in case of SWNTs. These RBM modes confirm the presence of SWNTs. From the RBM mode one can find out the diameters of the SWNTs. In the present case we got a spectrum rather than a single RBM peak. This signifies that there is a distribution in the tube diameters [20] . The diameters of the SWNTs are found to be in the range of 1-2 nm. This conforms well with the data provided by the manufacturer. The next prominent band is the G-band which lies near 1600 cm -1 . This is due to the vibration of sp 2 hybridized carbon atoms on the nanotubes. The last one, which lies around 2600 cm -1 is known as the G' band. This is one of the important bands in the SWNTs which gives an idea of the stress on the SWNTs [21] . However there is an up shift in the G'-band due to the presence of PMMA matrix. The enlarged view of G' shift is shown in Figure 5 . The up shift of G'-band is the signature of the compressional stress on SWNTs. This shows that there is a good adhesion and stress transfer between the polymer and the CNTs. This result matches with that of the DSC measurement. Further, there is no feature seen in the Raman plot exclusively due to PMMA as the peaks due to PMMA are too low in intensity compared to the peaks of SWNT. The electrical properties of the nanocomposites fibers were studied to investigate the effect of loading of SWNT concentration and to explore the conduction mechanism in these types of disordered systems. The fibers obtained in electrospinning process have a distribution of diameters as we have seen in Figure 1 . Hence it is difficult to evaluate the absolute electrical conductivity of the fiber mat. Thus, in order to study the effect of loading on conductivity, a single fiber was isolated on the substrate by allowing the fibers to form for a very short duration. Electrical conductivity measurement was carried out at room temperature on this single fiber by forming suitable electrodes by vacuum evaporation with a mask. Figure 6 shows SEM image of electrode configuration with the single fiber used for the measurement of electrical conductivity and the inset in Figure 6 gives an enlarged view of the corresponding fiber. The percolation threshold decreases with increasing aspect ratio of the particles present in the system [21] .Due to high aspect ratio of SWNTs it is expected that these composites should show low percolation. One of the most important factor which affects is the uniform dispersion. The variation of electrical conductivity with different loading of SWNT is shown in Figure 7 . The conductivity of the fibers shows a dramatic improvement of nearly 12 orders from that of the pure PMMA obtained from the standard literature for comparison [24] . The enhancement of electrical conductivity is due to percolation phenomenon. Alignment increases the probability of physical contact of SWNTs which in turn interconnects the percolation network. The percolation threshold decreases with increasing aspect ratio of the particles present in the system. Due to high aspect ratio of SWNTs it is expected that these composites should show low percolation. But it depends on so many factors. One of the most important ones is the uniform dispersion. The variation was fitted to the percolation equation [22] [23] [24] . 
Where, σ c is the conductivity of the composite, m is the CNT mass fraction, mc is the critical mass fraction and β is the critical exponent. Here we found the critical exponent (β) 0.3 and the percolation threshold approximately 0.05 wt%. The reduced mass fraction ((m-mc)/mc) vs. conductivity shows linear behavior as seen in Figure 7 (c). If one wants to understand about the nature of the charge transport and the mechanism of electrical conduction, temperature dependent electrical conductivity must be studied. However, because of the distribution of the diameters we could only look at the variation of resistance instead of conductivity with temperature in the range 300 K to 370 K using standard two probe method. The resistance decreases with the increase of temperature as shown in Figure  8 . Electron transport in composite materials normally involves thermally activated transport through tunneling of charge carriers between nearest neighbor particles at close proximity enabling overlap of electron wave functions of each particle and at greater separations. The variable range hopping (VRH) provides the conductivity through an optimal network of electron hopping sites [27] [28] [29] [30] . The temperature dependence of electrical conductivity may be expressed as
Where, σ is the DC conductivity, T is the temperature and T 0 is the characteristic Mott temperature and x is the exponent which depends on the dimension of variable range hopping.
These types of disordered systems follow one dimensional variable range hopping model (1-D VRH) type conduction mechanism as suggested by Mott. [27, 28] Hence we modeled the variation with 1-D VRH type. The plot in Figure 8 , show a fitting of the model for the case of 1% loaded sample. In this case, characteristic Mott temperature (T 0 ) is found to be 1420 K. The Mott temperature is found to increase with the decrease in the weight percentage of SWNTs. [29, 30] .
CONCLUSIONS
Nanocomposite fibers of PMMA with different loading of SWNTs were prepared by the electrospinning process. The nanotubes were dispersed well and found to be aligned along the axis of the fibers. The fibers showed percolative behavior in improving the electrical conductivity. The temperature dependent electrical resistance revealed 1-D VRH type conduction mechanism operating above room temperature (300 K).
